ABSTRACT O'BARR, THOMAS P. (Agricultural Research Service, Washington, D.C.). Effect of alanine and threonine on the synthesis of serine by Leuconostoc mesenteroides. J. Bacteriol. 86:1321Bacteriol. 86: -1325Bacteriol. 86: . 1963.-Growth of Leuconostoc mesenteroides in the absence of serine was inhibited by Lalanine and L-threonine. Varying the glycine concentration when L-alanine was present suggested a direct relationship between the molar ratio of these two amino acids and the amount of growth achieved by the test organism. Supplements of leucovorin did not reverse the effect of L-alanine upon growth. In experiments with washed cells of L. mesenteroides, both L-alanine and L-threonine reduced the amount of C14-labeled formate fixed into serine and the amount of glycine-1-C'4 found in boiling-water extracts of the cells. Neither L-alanine nor L-threonine had any inhibitory effect upon the glycinedependent disappearance of formaldehyde by acetone powders prepared from L. mesenteroides.
.-Growth of Leuconostoc mesenteroides in the absence of serine was inhibited by Lalanine and L-threonine. Varying the glycine concentration when L-alanine was present suggested a direct relationship between the molar ratio of these two amino acids and the amount of growth achieved by the test organism. Supplements of leucovorin did not reverse the effect of L-alanine upon growth. In experiments with washed cells of L. mesenteroides, both L-alanine and L-threonine reduced the amount of C14-labeled formate fixed into serine and the amount of glycine-1-C'4 found in boiling-water extracts of the cells. Neither L-alanine nor L-threonine had any inhibitory effect upon the glycinedependent disappearance of formaldehyde by acetone powders prepared from L. mesenteroides.
Serine is unessential for the growth of Leucon- ostoc mesenteroides provided supplements of p-aminobenzoic acid or one of several reduced derivatives of folic acid are added to an otherwise complete basal medium. In addition, the rate of growth in the absence of serine is dependent upon the concentration of glycine (Lascelles, Cross, and Woods, 1954) . In an earlier report, Wold and Sirny (1953) noted briefly that an antagonistic effect of alanine upon the growth of L. mesen- teroides in the absence of serine could be reversed by folinic acid. Mackenzie (1955) found that D-alanine inhibited the conversion of sarcosine to serine in mitochondrial preparations. Examination of the various factors which affect growth in the absence of serine have shown that the pathway of serine synthesis utilized by this organism is inhibited by relatively low concentrations of alanine and threonine. The present paper consists of a report on a study designed to obtain evidence pertaining to the action of alanine and threonine upon the biosynthesis of serine by L. mesenteroides.
MATERIALS AND METHODS L. mesenteroides P-60 (ATCC 8042) was employed as the test organism. Stock cultures were handled as previously described (O'Barr, 1962) . For growth experiments, the basal medium of Williams (1955) with norleucine omitted was used. Resting cells were obtained from growth in 1500-ml samples of basal medium in which the concentration of glycine was reduced to one-tenth and other amino acids to one-fifth of the original formulation. In growth experiments, tubes were inoculated with one drop, and flasks with 2 ml, of a saline-washed suspension of cells adjusted with saline to 70% transmittance at 550 mu. Both tubes and flasks were incubated at 37 C. After 16 to 18 hr, cells were harvested from the flasks by centrifugation at 0 C and washed with 300 ml of cold saline. The packed cells were resuspended in water so that 1 ml contained between 35 and 40 mg (dry weight) of cells. Portions (1 ml) of this suspension were added to tubes in experiments with washed cells.
Radioactive serine was removed from the incubation mixture containing C"4-labeled formate by treatment with a cation-exchange resin, and radioactivity was determined after elution from the resin with ammonium hydroxide. Details of this procedure have been described elsewhere (O'Barr, 1962) . In experiments with glycine-1-C14, the cells were packed by centrifugation at 0 C at the end of the incubation period and washed with 5 ml of ice-cold water. The washed cells were resuspended in 1 ml of water and heated in a boiling-water bath for 5 min. The tube volume was then made up to 2 ml and centrifuged; the supernatant fluid was removed for counting. After evaporation to dryness on planchets, the amount of radioactivity present was determined to a counting error of 0.95.
Acetone powders were prepared according to Umbreit, Burris, and Stauffer (1957) . The techniques described by Scrimgeour and Huennekens (1962) were employed for the determination of serine hydroxymethylase activity and for the assay of formaldehyde with Nash's reagent. Samples (0.1 ml) were taken at 10, 20, and 30 min and added to 0.1 ml of 15% trichloroacetic acid. A plot of formaldehyde disappearance versus time described a straight line, and rates are considered to be proportional to the slope.
Leucovorin (Lederle Laboratories, Pearl River, N.Y.) was obtained from commercial sources. Tetrahydrofolic acid was synthesized by reduction of folic acid in glacial acetic acid over platinum catalyst and stored under nitrogen in the presence of potassium ascorbate (Hatefi et al., 1960) . Samples of tetrahydrofolic acid were assayed by the aseptic technique described by Bakerman (1961) . Concentrations of leucovorin and tetrahydrofolic acid are given in terms of the total (DL-isomer) reduced compound.
Seine was assayed microbiologically with L. mesenteroides by use of the basal medium, except that glycine, alanine, and threonine were replaced by the dipeptides, glycyl-DL-threonine, DL-alanyl-DL-alanine, and glycylglycine, at 0.1 mg/ml.
RESULTS
Growth studies. Table 1 shows the effect of various amino acids upon the growth of the test organism in the absence of serine. Of these acids, only L-alanine and L-threonine were inhibitory at concentrations that might be described as physiological. The slight stimulation in growth observed with lysine, histidine, and arginine was found at still higher levels (15 ,umoles). In separate experiments, a threefold molar excess of L-alanine and a fivefold molar excess of L-threonine, with respect to glycine, were found to reduce maximal growth by one-half. Furthermore, data were obtained which seemed to indicate a direct relationship between the concentration of glycine and the amount of L-alanine necessary to reduce maximal growth by one-half (Table 2) . A similar picture was obtained with glycine and L-threonine. The kinetics of growth in the absence of serine, with L-alanine present or absent, are shown in Fig. 1 . For more rapid growth, the glycine concentration was raised considerably over that employed in Table 1 . Although measurable growth appears earlier in the absence of L-alanine, the rate of cell division within the logarithmic phase was essentially equal in the presence and absence of L-alanine. Both types of cells reached the same maximal optical density with continued incubation. Contrary to the previous report (Wold and Sirny, 1953) , supplements of leucovorin (folinic acid) did not reverse the inhibitory effect of L-ala- (Table  3) .
Studies with washed cells and acetone powders. Washed cells, obtained from growth in complete media, synthesized serine when incubated in buffer containing glucose, glycine, and formate (Cross, 1960) . By growing the cells without paminobenzoic acid in basal media containing thymidine, it is possible to show an additional requirement for a reduced derivative of folic acid, such as leucovorin or tetrahydrofolic acid (O'Barr, 1962) . Although serine synthesis was demonstrated by microbiological assay, the addition of C'4-labeled formate to the incubation mixture afforded an effective means of measuring the extent of serine synthesis in the presence of compounds that interfered with the microbiological assay. As shown in Table 4 , the incorporation of radioactivity into serine was inhibited by L-alanine and L-threonine.
Although the experimental conditions with the washed cells were not the same as those of the growth studies where the cell population developed from small numbers, the effect of L-alanine and L-threonine in both cases suggests a degree of similarity. Since glycine must flow into the cell before serine synthesis can take place, any reduc- 13.5 0.32 17.52 X 10-3 -1.00 17.52 X 10-3 13.5 0.34 * Glycine was present at 4.5 ,umoles per 6-ml tube. p-Aminobenzoic acid and leucovorin were autoclaved separately in tubes containing potassium ascorbate (pH 6.5) at a final concentration of 0.6 mg/ml. After autoclaving, the basal media and L-alanine were added aseptically. Incubation was at 37 C for 25 hr. ne. Each 4-ml tube contained 8.44 X o07f decrease in the amount of glycine found in the exrin and 10-2 M glycine. L-Alanine, when tractable pool (Table 5) . Despite the promising , was at 4.21 X 10-2 M. nature of this result, the possibility of competitive or noncompetitive inhibition of the hydroxymethylase-mediated conversion of glycine to serine could not be discounted. Although attempts to obtain cell-free preparations with hydroxymethylase activity were unsuccessful, acetone powders converted glycine to serine in the presence of tetrahydrofolic acid, formaldehyde, glycine, and pyridoxal phosphate. Routinely, the disappearance of formaldehyde was taken as a measure of serine synthesis. With the preparations employed here, and in the absence of further additions, the removal of formaldehyde was gly- Table 6 for L-threonine. The increased rate of formaldehyde disappearance brought about by pyruvate was noted by Mackenzie (1955) with mitochondrial preparations. DIscussIoN The stimulatory effect of glycine upon growth in the absence of serine, and the requirement for glycine when serine synthesis is followed with washed cells, support the conclusion that the pathway of serine synthesis by L. mesenteroides involves the condensation of glycine and a single carbon unit at the oxidation level of formaldehyde. Regarding the ability of L-alanine and Lthreonine to inhibit this process in the intact cell, it may be argued, from a thermodynamic point of view, that significant reduction in the available glycine within the cell would slow down the synthesis of serine. The effectiveness of L-alanine in reducing the amount of glycine taken up by the cell will be recalled. The possibility of competitive or noncompetitive inhibition of the hydroxymethylase reaction would seem to have been adequately answered by the studies with acetone powders, in which L-alanine had no effect upon the disappearance of formaldehyde.
There are many reports of interference between amino acids in the development of cell pools. Specifically, Brock and Moo-Penn (1962) noted an effect of alanine upon the rate of entry of glycine into the cells of Streptococcus faecium. Cohen and Rickenberg (1956) have correlated antagonisms among leucine, valine, and isoleucine, as observed in growth studies with Escherichia coli, with competition at sites associated with the development of the extractable pool. Therefore, on the basis of evidence presented here, it is proposed that L-alanine in particular can function as an inhibitor of serine synthesis by reducing the amount of available glycine within the cell.
